When animals move or forage in groups, collective behaviors arise from independent decisions that individuals make based on limited information about the environment. In decentralized systems in which individuals use local cues to decide how to allocate their time amongst multiple tasks, a "global" signal detectable over large distances by all members of the group could have a profound effect on task allocation and coordination. Honeybees provide a unique opportunity to study how information transfer modulates behavior because they produce pheromones that can regulate the actions of thousands of individuals in a colony. We used electrophysiological and behavioral assays to compare the transmission modes of 2 larval pheromones to test the hypothesis that larval pheromones can act as "global" signals by rapidly regulating behavior throughout a colony without direct physical interactions between individuals. By studying mechanisms of pheromone transmission at the individual and colony level, we provide evidence that larval pheromones act as direct rapid and powerful regulators of behavior, even among individuals too far away from each other to use visual or tactile cues. Therefore, our results suggest that in some cases, global signals can be important regulators of collective behavior.
INTRODUCTION
Studies of collective behavior in animal groups often focus on local interactions between individuals that aggregate to produce complex patterns of group behavior that lead to global order (Wilson and Hölldobler 1988; Couzin et al. 2005; Couzin 2009; Attanasi et al. 2014) . Although individuals within a social insect colony are limited in their ability to gather and process information, colonies overcome these limitations by relying on communication between individuals or heterarchical groups of individuals performing similar tasks (Wilson and Hölldobler 1988) . Chemical communication allows individuals to rapidly convey information across large, spatially segregated groups (Wyatt 2003) , including those in eusocial insect colonies such as honeybees, in which group size can reach 50 000 individuals (Winston 1991) . Most chemical communication studies in social insects have focused on pheromones that mediate local interactions amongst individuals performing similar tasks, including trail-marking pheromones for communication among foragers (Beckers et al. 1989; Seeley et al. 1991; Czaczkes et al. 2015) , alarm pheromones for communication among guards and soldiers (Verheggen et al. 2010) , brood pheromones for communication between developing larvae and nurse bees (Le Conte et al. 1990) , and queen pheromones for communication between the queen and the rest of the colony (Keller and Nonacs 1993; Grozinger 2015; Villar et al. 2015; Villar and Grozinger 2017) . However, in contrast to localized communication between individuals, volatile pheromones can mediate interactions between spatially segregated individuals that perform drastically different roles, and thus could play an important role in global (i.e. colony-wide) communication networks (Johnson and Linksvayer 2010) . For instance, the function of volatile pheromones in mating and defense is well established for multiple social insect species (Ayasse et al. 2001; Wyatt 2003; Slessor et al. 2005; Shorey 2013 ). However, the role of volatile global signals in the regulation of daily colony function has not been examined to date.
Honeybees provide a tractable system to test the role of volatile pheromone transmission in mediating social behavior because they produce pheromones that elicit similar behavioral and physiological responses but differ in volatility. For example, they produce 2 larval pheromones-brood pheromone (BP) and E-beta-ocimene (EBO)-that differ drastically in volatility (Table 1) and elicit physiological effects on the nurse bees that care for them, such as reducing ovary activation and modulating behavioral maturation from in-hive to out-of-hive tasks (Mohammedi et al. 1998; Le Conte et al. 2001; Maisonnasse et al. 2009; Maisonnasse et al. 2010; Traynor et al. 2017) . Nurses are the individuals that most often interact with larvae (Pankiw 2004b) , so it may not be surprising that they would react strongly to larval pheromone exposure. However, larval pheromones also upregulate foraging activity, even though forager bees do not perform brood care behaviors or regularly interact with larvae (Pankiw 2004a (Pankiw , 2004b Traynor et al. 2015; Ma et al. 2016) . How do larval pheromones affect distant foragers and, more generally, how does the transmission mode of a pheromone signal affect the way that bees respond to it?
Volatile pheromone signals can be detected throughout a honeybee colony, suggesting that the same pheromone could have global, colony-wide effects in workers performing different activities (Johnson and Linksvayer 2010) . In a decentralized system in which individual bees use local cues to make decisions about how to allocate their time amongst multiple tasks (Seeley 1989) , a global signal detectable anywhere in the colony could have a profound effect on task allocation and coordination. Therefore, understanding differences in transmission mode between BP and EBO could provide insights into division of labor and task specialization in insect societies. There are 3 possible transmission modes for larval pheromones: 1) direct physical contact between foragers and pheromones (or their source, such as larvae or a petri dish), 2) indirect contact via "messenger" bees that elicit a response by either relaying the pheromone itself or by engaging in worker-worker behavioral interactions, or 3) sampling of a volatile pheromone from the colony environment without local interactions with larval pheromones or intermediary "messenger" bees. To distinguish between these possibilities, it is experimentally useful to treat pheromones as discrete packets of information that rely on worker-worker interactions because, if bees can be prevented from participating in these behavioral interactions, the effects that a pheromone has on behavior and physiology can be interrupted. Conversely, if preventing interactions does not block the behavioral and physiological effects of a pheromone, then interactions are not necessary, providing support for a global, colony-wide signal.
Because EBO is several orders of magnitude more volatile than BP (Table 1) , their difference in volatility could affect how they are transmitted through the colony (Maisonnasse et al. 2010) . Considered nonvolatile, BP is a 10-component blend of the methyl and ethyl esters of palmitic, oleic, stearic, linoleic, and linolenic acids (Pankiw 2004b) . Although all larval stages and first pupal stages produce BP, the relative proportions of BP constituents vary with age (Le Conte et al. 1990; Metz et al. 2010) . The proportions of BP constituents associated with young (1st-and 2nd-instar) and old (4th-and 5th-instar) larvae have different effects on worker behavior and physiology (Pankiw 2004b) . In contrast, EBO is a single-component pheromone produced throughout larval development, with peak production in early (2nd-and 3rd-instar) larval stages (Maisonnasse et al. 2009 ). Because of the volatility differences between BP and EBO, Maisonnasse et al. (2010) hypothesized that BP is a "local signal, spread by contact, with a precise action," whereas EBO is "a signal with a global action." That is, BP and EBO differ in their dependence on physical transmission from nurses to foragers or the action of intermediate "messenger bees" to relay the signal through behavioral interactions. The hypothesis that EBO is a global pheromone serving an important role in colony function has not been tested to date.
Here, we use electrophysiology and behavioral assays to study the mechanisms of larval pheromone transmission and to test the hypothesis that larval pheromones can act as a "global" signal by regulating the behavior of foragers, even when foragers do not interact directly with the pheromone or other bees affected by pheromone exposure (i.e. worker-worker contact). Based on their volatility differences, we predicted that the transmission of BP would rely on local interactions with the pheromone source or other bees while the transmission of EBO would not require such interactions. Surprisingly, our results suggest that both nurses and foragers are able to detect larval pheromones, that nurses are more sensitive to larval pheromones than foragers, and that both BP and EBO potentially act as global regulators of collective behavior.
METHODS

Electrophysiology experiments
Honeybee rearing All electrophysiology experiments were performed at the Chemical Ecology Laboratory of Pennsylvania State University in State College, PA. Electrophysiology experiments were replicated 3 times using 3 different queenright source colonies. Smokers, common beekeeping tools used for calming bees, were not used during the collection of workers to prevent an influence of smoke on their olfactory system. Likewise, beekeeping was performed gently to reduce the release of alarm pheromone. To further ensure that antennae were not exposed to alarm pheromone residues during testing, the bee collection and the electroantennography (EAG) were performed by different individuals.
A total of 10 foragers and 10 nurses were collected from each of the 3 source colonies to measure their antennal responses to larval pheromones. Nurses and foragers of unknown age were collected while performing characteristic behaviors-tending larvae or returning to the hive with pollen on their corbiculae, respectively-and placed into separate acrylic cages. Bees were kept in an incubator (32 °C and 50% relative humidity) and tested within 30 min of collection.
Electroantennography
To assess the sensitivity of nurses and foragers to larval pheromones, we measured the average antennal response of nurses and foragers to BP and EBO. We used 4 pheromone doses spanning 4 orders of magnitude (0.1-100 µg) to represent the natural range of larval pheromone found in honeybee colonies (Maisonnasse et al. 2009 ). The dosages used in this study represent 1, 10, 100, and 1000 "larval equivalents" of pheromone, or the amount that an average larva produces in a day.
Synthetic pheromones and odor cartridges
We used a blend of BP that is characteristic of older larvae because it has been shown to strongly upregulate pollen foraging (Pankiw 2004a) . Synthetic versions of EBO and all components of BP were commercially available (Sigma-Aldrich), albeit as a mix of isomers in some cases. Filter paper was impregnated with 10 µL of either analytical grade hexane (Sigma-Aldrich) or a pheromone dissolved in hexane. The impregnated strips of filter paper were then carefully placed into clean glass pipettes using forceps. To ensure that exposure to the pheromone and control odor was standardized, a fixed volume of air was pushed through the glass pipettes containing the filter paper. To control for the volume of hexane applied to odor cartridges, the concentrations of the solutions were made to 1/10 of the target dosage (0.01 µg/µL, 0.1 µg/µL, 1 µg/µL, and 10 µg/µL). Ten microliters of each concentration were applied to cartridges to produce the target pheromone dosages of 0.1 µg, 1.0 µg, 10 µg, and 100 µg.
Antennal preparation and odor presentation
The right antenna of each bee was cut at the base and tip and was immediately attached to a quadroprobe electroantennogram detection system (Park et al. 2002; Hetling et al. 2003; Myrick et al. 2005; Villar et al. 2015) . Clean charcoal purified carrier air was passed over the antennae at a constant flow rate, and the antennal preparation was allowed to habituate to the mechanical stimulus provided by the airflow for 1 min, after which the experiment was initiated. To control for the quantity and volume of odor exposure across doses, pheromones were presented via odor cartridges consisting of an impregnated piece of filter paper with 1 of 4 dosages of pheromone, each housed within a clean glass Pasteur pipette. Each pipette was attached to a stimulus flow controller (Syntech, Hilversum, Netherlands) to deliver precisely 2 mL of volatiles into the air stream hitting the antenna. Four dosages of each pheromone were presented in ascending dosages, 30 s apart, with a hexane odor control presented before and after pheromone odors. The magnitude of the antennal response to each stimulus was recorded. Although dose-dependency was not a focus of the experiment, the use of an ascending dose response curve is a standard approach when testing antennal responses to odorants (Stelinski et al. 2003; Villar et al. 2015) . We included dosages representative of the broad range of natural conditions to test whether nurses and foragers differ in their ability to detect brood odors.
Controls and blind experimentation
To prevent various sources of bias from entering our EAG analyses, we took several precautions related to the antennal preparation and scoring of EAG data. EAG measurements were only taken on antennal preparations that consistently responded to control odorants/ stimuli, and test odorants were presented to preparations only after the antenna had reached a baseline resting potential, allowing for accurate measurements of antennal responses to odorant stimuli of interest. Separating the presentation of pheromone by 30-s intervals allowed the antenna to return to baseline between pheromone exposures, ensuring that the responses to each odorant were independent of each other (i.e. the antenna had completely ceased responding to the previous odorant before the next one was presented). To reduce subjectivity during scoring, one researcher prepared antennae for EAG and performed the associated odor presentation assays, whereas a second researcher scored the responses while blind to the identity of the bee's treatment. To score the responses, we used a previously developed algorithm and software package that records real time signals of insect antennae (i.e. EAG patterns) in response to different odors and measures peak-trough distances of these EAG response patterns (Hetling et al. 2003; Myrick et al. 2005; Myrick et al. 2009 ). To prevent bias during identification and scoring of peak-trough distances associated with each pheromone dosage, the recordings of EAG responses were relabeled to obscure the behavioral status of each bee, and the second researcher scored peak-trough distances of EAG responses while blinded to the bee's behavioral status (i.e. nurse vs. forager).
To control for senescence of the antennal preparation over time, each response of an individual to a pheromone odor stimulation was divided by the average of that individual's antennal response to the hexane control. Therefore, all analyses were performed on the relative response to odors, with a value of 1 representing an equal response to the control as to the pheromone odors. All values greater than 1 provided support that antennae responded more to pheromone odors than to the control odor, although there was some variation due to electrical noise of the instruments and the quality of EAG preparations.
Foraging behavior experiments
Colony preparation All trials were performed at the Janice and John G. Thomas Honey Bee Facility on the RELLIS campus of Texas A&M University in Bryan, TX. For each of 4 trial replicates, 6 five-frame "nucleus" colonies were created from source colonies following standard beekeeping techniques (Caron and Connor 2013) . Each colony was allocated with comparable numbers of workers and hive resources, as determined by visual inspection through a 6.45 cm 2 grid. It was important to separate nurses and foragers, so several precautions were taken to ensure that foraging bees were isolated. Because the adults found on brood frames are most likely to be nurses, brood frames (and all adults found on them) were taken from source colonies, placed immediately in the new colony, and if appropriate to the treatment, placed behind a screen that prevented bees from accessing colony entrance (Table 2) . Therefore, bees placed behind the screen were not allowed to leave the colony for the duration of the experiment, which was necessary to control for any unintended transmission of pheromones. All other bees in the colony were placed outside the screened area and allowed to move and forage freely. The area covered by brood, honey, and pollen was measured for each frame, and special care was taken to measure capped and open brood separately because they may affect foraging activity differently.
The colony entrance was attached to a customized landing strip with a clear acrylic top to film returning foragers as they entered the colony. Trap doors were installed under each hive box so that pheromone treatments could be placed without disturbing the colony, as described previously (Ma et al. 2016 ). Wire screens were installed to restrict the interactions of foragers with nurses and brood using established protocols (Huang et al. 1989; Camazine 1993; Dreller et al. 1999) .
Experimental Design
Foraging experiments were designed to test whether larval pheromones could act as global signals to directly regulate foraging, and whether interactions between foragers and nurses or foragers and brood are necessary to mediate pheromonal signal transmission (Table 3) . To assess the importance of brood and worker interactions on collective foraging behavior, foragers were prevented from accessing the brood chamber and other bees using established screen methods (Huang et al. 1989; Camazine 1993; Dreller et al. 1999) . In partial access treatments, single screens physically prevented foragers from accessing the brood areas while permitting worker interactions through the screen, including trophallaxis and antennation. In restricted access treatments, double screen treatments prevented both worker interactions and access to the brood areas; however, air and airborne volatiles could pass through the screen. Colonies were then exposed to larval pheromones, and foraging activity for each colony was video recorded and later scored by counting the number of foragers returning with and without pollen, as described below.
Six colonies were used in each of 4 trials. The colonies were randomly assigned to one of 3 treatments: screenless control, single screen exclusion, and double screen exclusion. All pheromone and control odor treatments were administered through a trapdoor underneath the hive for 1 h and then removed. The trapdoor was a petri-dish-sized hole cut away from the bottom of the colony underneath frames of brood and nurse bees. Although previous experiments administered BP on petri dishes placed within the colony, placing pheromones underneath the hive allowed measuring the effect of the pheromones without opening or disrupting the colony. Foraging activity was measured for each colony on 3 days, for 4 h per day. On the first day of the experiment, each colony was exposed to a control odor (paraffin oil), and foraging activity was recorded to establish a baseline foraging level. On each successive day, colonies were randomly assigned to either BP or EBO treatment groups and received 5000 larval equivalents of either pheromone. Colonies were then given a day of respite in which no pheromone treatments were applied. On the last day, each colony was exposed to the opposite larval pheromone treatment that they had previously received. Thus, foraging activity was measured for each colony after exposure to a control treatment, BP, and EBO. In total, 24 colonies were used, with 8 colonies tested in each of the 3 exclusion treatments (Table 3) .
Previous studies have shown that foraging activity of honeybee colonies exposed to larval pheromones increases for a period a few hours, then returns to baseline activity levels (Pankiw et al. 1998 ). The time it takes to return to baseline foraging levels may depend Colonies were fitted with wire screens to partially limit or fully restrict access that foragers had to nestmates and offspring in brood frames. Foragers could interact with nestmates through a single screen but not through a double screen. No pheromone treatments were administered on first day that foraging activity was recorded. On the second day, each colony was randomly assigned to receive either BP or EBO. On the third day, each colony received the opposite larval pheromone. For example, if a colony received BP on the second day, it received EBO on the third. Diagrams of honeybee and comb represent potential for nestmate interactions and offspring interactions, respectively. A red slash indicates interactions prevented by screen treatments.
on the specific pheromone. For BP, pollen foraging activity returned to baseline after 4 h (Pankiw et al. 1998) , whereas for EBO, pollen foraging returned to baseline after 2 h (Ma et al. 2016 ). As such, it is unlikely that pheromone exposure from the first day affected foraging on subsequent days; however, randomizing the order in which colonies received BP or EBO controlled for any carry-over effects.
Scoring foraging activity
To record foraging activity, the entrances of all hives were monitored using webcams (Logitech), which allowed simultaneous recording from all colonies. All video recordings were labeled after completion of the experiment such that the 2 observers who scored foraging activity were blind to screen and pheromone treatments. Foraging activity was scored for 5 min at 3 time points: immediately after initial pheromone exposure, after 1 h, and after 2 h. To simplify data collection and minimize subjectivity in determining which bees were foragers, all bees walking directly through the entrance runway were assumed to be foragers. Bees were scored for the presence or absence of pollen loads on their legs, as done previously (Ma et al. 2016) . We used the ratio of pollen to nectar foraging as our primary response variable to focus on pollen foraging and control for variation in foraging activity across time points. We did this because we know that 1) foraging activity is upregulated by larval pheromones and varies over time and between days (Visscher and Seeley 1982; Fewell and Winston 1992; Pankiw et al. 1998; Traynor et al. 2015; Ma et al. 2016) , and 2) larval pheromones have a strong effect on pollen foraging specifically, including individual pollen foraging effort (Pankiw 2004a ), overall pollen foraging activity (Pankiw et al. 1998; Traynor et al. 2015) , and the proportion of foragers specializing on pollen (Traynor et al. 2017 ).
Statistics
All statistical analyses were performed in R (v. 
Electrophysiology experiments
We performed repeated measures Anova tests to determine the effect of pheromone, dosage, and behavioral state of worker on antennal response. We included colony number and individual identity of workers as random variables. The data violated the Anova's assumptions of homogeneity of variances and normality of residuals. Therefore, to confirm Anova results, we also used a nonparametric rank-based Scheirer-Ray-Hare test, which is a multi-factor analogue of the Kruskal-Wallis test. Because nurses and foragers could also differ in the probability of responding to different pheromone dosages, the data were analyzed using logistic regression. The data were coded in a binary fashion as either a response or a nonresponse, such that a ratio of the response to the pheromone odor over the response to the control odor greater than 1 was coded as a response. Thus, the logistic regression produced dosage response curves that revealed the proportion of nurses and foragers responding at each pheromone dosage. The issues encountered with the Anova test were not faced in the logistic regression analysis because it does not assume homogeneity of variances or normality of residuals. We used Wilcoxon ranked sum tests with continuity corrections to assess whether nurses and foragers had greater responses to BP or EBO, and whether responses to hexane controls differed before and after pheromone treatment. A power analysis was performed for whether individual bees' responses to hexane controls differed before and after pheromone exposure using the pwr package: 60 individuals per treatment, a significance level of 0.05, small (0.2) and medium (0.5) effect sizes, and paired t-tests.
Foraging behavior experiments
Repeated measures Anova was performed to evaluate the influence of the exclusion treatment (i.e. social environment), pheromone exposure, and the interaction of exclusion treatment and pheromone exposure in a single analysis. Colony number, day, and replicate were included as random variables in the model. We evaluated Anova assumptions using Levene's test for homogeneity of variance and q-q plots to test for normal distribution of residuals. Post hoc pairwise comparisons were performed to better resolve significant results from the Anova test using the lsmeans package, which utilized the same error structure as the Anova test. An effect size was calculated for the effect of pheromone exposure on foraging activity, and power analysis was performed for the effect of screen treatment, using a moderate effect size (d = 0.5), an alpha value of 0.05, and 24 measurements per screen treatment.
RESULTS
Neurophysiological responses of nurses and foragers to BP and EBO
Electroantennography tests evaluated the ability of nurses and foragers to detect larval pheromones to determine whether spatially separated individuals that were engaged in distinct tasks could detect larval pheromones. Indeed, antennal responses increased with pheromone dosage (Anova, F 3,380 = 14.8, P < 0.001). Although both nurses and foragers responded to all dosages of both pheromones, nurses had significantly stronger antennal responses than foragers ( Figure 1A ; Anova, F 1,54 = 4.23, P = 0.045).
We performed a Wilcoxon ranked sum test on the pre-pheromone and post-pheromone hexane controls to evaluate whether antennal responses to odors may change systematically over time (e.g. deteriorate, increase in sensitivity, etc.). We did not find a significant difference in EAG responses to hexane (W = 1536.5, P = 0.89). Similar results were obtained with a t-test (t = 0.22, df = 106.97, P = 0.82). As such, the antennae we used did not seem to systematically increase or decrease their responses over time, except as a result of pheromone treatments. We performed a post hoc power analysis for whether pre-and post-pheromone hexane controls were different. With a sample size of 60 per treatment, the power of the analysis was 97% for medium effect sizes (d = 0.5) and 33% for small effect sizes (d = 0.2). Logistic regression analysis revealed that nurses had a higher probability of responding to the pheromone stimulus than foragers ( Figure 1B ; z = 1.99, P = 0.047), indicating that a greater proportion of nurse bees responded to both pheromones across the range of biologically relevant dosages. Furthermore, both nurses and foragers showed significantly higher responses to EBO than BP (Wilcoxon ranked sum test, W = 21 021, P = 0.007).
The significant interaction between pheromone and dosage indicates that the dosage response curves for both pheromones are different, even though there is no overall difference in response to pheromone alone (F 1,379 = 0.29, P = 0.59). We obtained similar results from the nonparametric, rank-based Scheirer-Ray-Hare test (H pheromone = 5.67, df = 1, P = 0.017; H behavior = 9.29, df = 1, P = 0.002).
Impact of pheromone transmission routes on foraging behavior
To test the hypothesis that larval pheromones could act as global signals that influence foraging behavior without physical contact among the brood, nurses, and foragers, we placed increasingly stringent barriers in the colony to prevent foragers from accessing brood chambers and other bees ( Table 2 ). As expected given the results from previous studies (Pankiw 2004a) , both pheromones were effective in increasing the ratio of pollen to nonpollen foraging activity (pollen foraging ratio) compared with colonies that did not receive pheromone treatments on previous days (Anova; F 2,208 = 8.7, P = 0.0002; Table 3; Figure 2 ). Each synthetic pheromone increased the pollen foraging ratio relative to the untreated control (BP vs. Control, P = 0.002; EBO vs. Control, P = 0.0001; Table 4 ), but there was no difference between the pheromones in their effect on the pollen foraging ratio (BP vs. EBO, P = 0.33; Table 4 ). The use of screens did not affect the proportion of pollen foraging relative to nonpollen foraging (Anova; F 2,20.9 = 0.0187, P = 0.83; Figure 3 ), indicating that physical interactions of foragers with brood frames or nurses did not affect pollen foraging in response to either pheromone treatment. Finally, there was no significant interaction between screen treatment and pheromone treatment (Anova; F 4,204 = 0.93, P = 0.45), so the interaction term was removed from the statistical model. The observed effect size of pheromone treatments on the proportion of pollen foragers was 0.5 for BP and 0.6 for EBO. With a sample size of 24 per treatment, 
Figure 2
Pheromone treatments increase pollen foraging proportion. Pheromone treatments increase pollen foraging proportion irrespective of whether they have access to brood, verifying that the treatments were effective. Asterisks represent significant differences from controls (P < 0.05) based on pairwise comparisons (Table 4) . the power of this analysis to detect a medium effect size (d = 0.5) for screen treatments was 47%, assuming an alpha cutoff of 0.05.
DISCUSSION
By studying the mechanisms of larval pheromone transmission at the individual and colony level, we provide evidence that honeybee larval pheromones serve as global signals to foragers in addition to their previously demonstrated role as local signals to nurses. Based on differences in volatility between the 2 pheromones, we expected BP to act as a local signal mediated by worker-worker interactions, and expected EBO to act as a global signal independent of local interactions between workers. Results from our electrophysiology experiment demonstrated that, although nurse bees have stronger responses to both pheromones at all dosages, foragers also respond to both pheromones across a wide range of biologically relevant dosages.
Although antennal responses to compounds are not in themselves deterministic of behavior, they are a direct measure of an individual's ability to detect those compounds and, thereby, they establish the sensory basis for potential behavioral responses to that signal (de Bruyne and Baker 2008) . In addition, the strength of the antennal response can be indicative of specialized tuning of an antenna to one or several biologically important compounds, as is often the case in pheromonal communication systems (Brockmann et al. 1998) . Furthermore, differential sensitivity to the same compound across individuals has been associated with distinctly different functions of that compound in honeybees (Brockmann et al. 1998; Wanner et al. 2007) . Interestingly, even though we found that both nurses and foragers detect and respond to EBO and BP, the significance behind the generally stronger responses in nurses to both of these pheromones remains unclear. Future studies will need to evaluate whether these differences translate to distinct differences in sensory physiology and behavior across worker states in response to brood signals, especially with the use of age-matched nurses and foragers.
Results from our foraging experiment provide evidence that direct interactions of foragers with a pheromone or with nurses are not required for BP or EBO to induce pollen foraging. Our results demonstrate that a chemical property of a signal, in this case its The analysis assumes same model and error structure as Anova from Table 3 . BP and EBO are both different from control. Asterisks represent significant differences in pairwise comparisons at an alpha level of 0.05. *P < 0.05; **P < 0.0005. Exclusion treatments do not affect pheromone transmission. There was no significant effect of the exclusion treatments on the pollen foraging ratio (Anova; P = 0.83), indicating that physical interactions of foragers with brood frames or with nurses did not affect pollen foraging for either pheromone. The y axis represents the ratio of pollen foragers to nonpollen foragers, whereas the x axis represents the physical access that foragers have to 1) both nurses and brood (full), 2) nurses but not brood (partial), or 3) neither nurses nor brood (none). The panels show data for colonies presented with control, BP, and EBO treatments, respectively. Exclusion treatments were achieved by placing 0, 1, or 2 screens in the colony, respectively. volatility, cannot be used by itself as a proxy for evaluating the magnitude or spatial distribution of behavioral responses (Swaney and Keverne 2009 ). However, it should be noted that our sample sizes were low, and additional studies with greater sample sizes may be required to detect the effect of screen treatments. Taken together, this series of experiments supports the hypothesis that foragers can detect and respond to both larval pheromones without directly interacting with larvae and without requiring nurses or other "messenger" bees to convey larval signals, suggesting that larval pheromones can act as global regulators of behavior in a honeybee colony. Two studies have previously investigated the importance of local interactions in the transmission of social information related to honeybee brood signals. Both studies used single-or double-wire screens to prevent workers from accessing to parts of the hive environment and the bees contained therein (Huang et al. 1989; Dreller et al. 1999) . Huang et al. (1989) showed that direct physical interactions between workers and larvae are required to affect hypopharyngeal gland development in nurses. Similarly, Dreller et al. (1999) argued that direct physical interaction between foragers and larvae is an important regulator of pollen foraging, although their screen treatments prevented a large proportion of foragers from exiting the hive, which may have led to an underestimation of the importance of larval signals as local versus global signals. Consequently, the transmission mode of larval signals and the importance of local versus global interactions for the regulation of foraging activity had remained untested, until now.
Our study demonstrates that larval pheromones can act as general global signals that trigger different brood-rearing behaviors in 2 different behavioral states: nurses that feed larvae and foragers that collect food used for colony nourishment. The downstream behavioral response to larval pheromones is thus dynamic, depending on the independent integration of information at the individual level. Because the tasks that an individual performs varies characteristically with age and the physiological changes associated with aging (i.e. age-based polyethism), direct and indirect sources of information must be integrated with an individual's physiological state to decide which tasks to perform at any given time (Seeley 1989; Seeley et al. 1991; Camazine 1993; Kocher et al. 2010; Galbraith et al. 2015; Villar and Grozinger 2017) . It is therefore reasonable to predict that changes in worker behavior correspond to changes in integration centers in the brain (Sandoz et al. 2007; Hofmann et al. 2014; Grüter and Keller 2016) . In this context, we predict that larval pheromones activate different molecular pathways in forager and nurse brains, and these differences in integration might lead to downstream differences in behavior. Although the effect of BP on brain gene expression has been explored (Alaux et al. 2009 ), a similar study remains to be conducted for EBO.
The regulation of collective foraging behavior is a complex process that uses several channels to gather information and is sensitive to a wide variety of factors and feedback loops (Seeley 1986; Seeley et al. 1991; Johnson and Linksvayer 2010) , including the amount of pollen, brood, and empty space present in a colony at any given time (Dreller et al. 1999) . For example, the temporal division of labor between in-hive tasks and foraging tasks outside the colony is regulated by pheromone produced by adult foragers that are transferred to nestmates via trophallaxis (Leoncini et al. 2004) . Individual foragers evaluate the profitability of each floral patch they visit and decide whether to recruit nestmates to it, which translates to differential allocation of a colony's foraging effort across variable floral patches on a landscape scale (Seeley et al. 1991) .
Furthermore, the time that foragers must wait to offload collected nectar informs the foragers about whether to make subsequent foraging trips or to stop foraging (Seeley 1989) . Larval pheromones are therefore not alone in regulating foraging activity and instead undoubtedly interact with other factors to affect the distribution of foraging effort between pollen and nectar sources.
Our study confirms that EBO increases the proportion of foragers collecting pollen, as has also been demonstrated for BP (Pankiw 2004a) . This raises interesting questions about the function of seemingly redundant signals. Honeybee pheromones are typically complex, multi-component blends whose individual components can have effects without the presence of the full blend (Pankiw 2004b; Slessor et al. 2005) . Based on our results, perhaps it would be more appropriate to consider BP and EBO as subsets of 1 complex larval signal that varies in intensity depending on the physiological state of the larvae. Just as the production of larval pheromone components is tightly correlated with physiological processes in developing larvae (Traynor et al. 2014) , changes in the relative proportion of EBO to other BP components could indicate the demography of developing brood, as proposed previously (Maisonnasse et al. 2010) . For instance, a subset of the full blend of BP have been shown to mediate caretaking behaviors at key stages in larval development (Le Conte et al. 1995) .
Since the identification of EBO (Maisonnasse et al. 2009 ), the focus has been on understanding its effects on behavior and physiology independent of other larval pheromone components. As such, it has not been critically evaluated whether EBO and BP truly operate independently or whether they are both components of the same signal. Therefore, although BP and EBO differ in volatility, we propose that in the future they should be considered as parts of the same multi-component, multi-functional larval signal that indicates both larval age and demography.
Global signals have a profound potential to regulate the behavior of animal groups. When large group size precludes interactions among all group members, local interactions must be integrated across the group to affect behavior (Conradt and Roper 2005; Sumpter 2006; Ward et al. 2011) . As a result, distributed information gathering, by which interactions between individuals leads to complex collective behaviors, serves an important role in honeybee colonies (Bonabeau et al. 1997) . However, other forms of information gathering can also serve important functions in regulating group behavior or colony functions. For example, to decide which task to perform out of their large task repertoire, middle-aged bees patrol large areas of comb to gather information directly (Johnson 2008) . Additionally, global signals can allow individuals to communicate information widely without the need for either physical proximity or direct sampling of large comb areas (Conradt and Roper 2005) . If BP and EBO are truly global signals, perhaps bees performing tasks other than nursing or foraging would also respond to both larval pheromones. For example, it would be interesting to examine whether bees increase their fanning activity to spread pheromones more effectively or raise their temperature to promote brood rearing in response to pheromone exposure. Because their chemical signals are experimentally tractable, honeybees offer tremendous opportunities to study global signals in group sizes that would normally preclude global communication experiments in other animals. By investigating the signal transmission of 2 honeybee larval pheromones, we provide insight into transmission of global pheromonal signals in group-living species.
